GaN and III-V nitride layers are of great technological importance because of their applications in optoelectronic devices such as short-wavelength light-emitting diodes (LEDs) 1 and laser diodes (LDs), 2 modulation-doped field effect transistors (MODFETs), 3 metal-semiconductor field effect transistors (MESFETs), 4 and UV detectors. 5 It is very important to obtain high-quality ohmic contacts to improve device performance and reliability. In particular, hightemperature device applications require good thermal stability as well as low contact resistance. Lin et al., 6 investigating contacts to InN/GaN short-period superlattices, showed that nonalloyed Ti/Al bilayer contacts result in a specific contact resistance of 6 ϫ 10 Ϫ5 ⍀ cm 2 . Ren et al., 7 investigating nonalloyed Ti/Pt/Au trilayer contacts to InN, reported a specific contact resistance of 1.8 ϫ 10 Ϫ7 ⍀ cm 2 for an as-deposited sample. However, it was shown that the contact properties are gradually degraded with the annealing temperature. Furthermore, the anneal at 420ЊC resulted in very rough surface possibly due to the decomposition of the InN layer. To improve the thermal stability of ohmic contacts to In-containing nitride layers, refractory metals such as W and WSi x were introduced. Durbha et al. 8 employed a variety of metallization schemes such as Au/Ge/Ni, Ti/Pt/Au, WSi x , and AuBe to investigate ohmic contacts to In 0.5 Ga 0.5 N. They showed that the WSi x contact produces a specific contact resistance of 1.48 ϫ 10 Ϫ5 ⍀ cm 2 and has excellent surface stability when annealed at 700ЊC. However, further increase in annealing temperature led to degradation of the contact properties. Vartuli et al. 9 and Ren et al. 10 investigating W, WSi x , and Ti/Al metallization schemes to n ϩ In 0.65 Ga 0.35 N, showed that all the as-deposited contacts yield specific contact resistances in the range 2-4 ϫ 10 Ϫ7 ⍀ cm 2 . They further showed that the W contact produces a specific contact resistance of 6 ϫ 10 Ϫ8 ⍀ cm 2 , when annealed at 600ЊC.
GaN and III-V nitride layers are of great technological importance because of their applications in optoelectronic devices such as short-wavelength light-emitting diodes (LEDs) 1 and laser diodes (LDs), 2 modulation-doped field effect transistors (MODFETs), 3 metal-semiconductor field effect transistors (MESFETs), 4 and UV detectors. 5 It is very important to obtain high-quality ohmic contacts to improve device performance and reliability. In particular, hightemperature device applications require good thermal stability as well as low contact resistance. Lin et al., 6 investigating contacts to InN/GaN short-period superlattices, showed that nonalloyed Ti/Al bilayer contacts result in a specific contact resistance of 6 ϫ 10 Ϫ5 ⍀ cm 2 . Ren et al., 7 investigating nonalloyed Ti/Pt/Au trilayer contacts to InN, reported a specific contact resistance of 1.8 ϫ 10 Ϫ7 ⍀ cm 2 for an as-deposited sample. However, it was shown that the contact properties are gradually degraded with the annealing temperature. Furthermore, the anneal at 420ЊC resulted in very rough surface possibly due to the decomposition of the InN layer. To improve the thermal stability of ohmic contacts to In-containing nitride layers, refractory metals such as W and WSi x were introduced. Durbha et al. 8 employed a variety of metallization schemes such as Au/Ge/Ni, Ti/Pt/Au, WSi x , and AuBe to investigate ohmic contacts to In 0.5 Ga 0.5 N. They showed that the WSi x contact produces a specific contact resistance of 1.48 ϫ 10 Ϫ5 ⍀ cm 2 and has excellent surface stability when annealed at 700ЊC. However, further increase in annealing temperature led to degradation of the contact properties. Vartuli et al. 9 and Ren et al. 10 investigating W, WSi x , and Ti/Al metallization schemes to n ϩ In 0.65 Ga 0.35 N, showed that all the as-deposited contacts yield specific contact resistances in the range 2-4 ϫ 10 Ϫ7 ⍀ cm 2 . They further showed that the W contact produces a specific contact resistance of 6 ϫ 10 Ϫ8 ⍀ cm 2 , when annealed at 600ЊC.
Although scanning electron microscopy (SEM) and Auger electron spectroscopy (AES) have been used to investigate the surface and chemical stabilities of the W contacts on n ϩ In 0.65 Ga 0.35 N, 9, 10 there is still a lack of detailed structural studies of interfacial reactions between W and InGaN. In this article, we present the electrical and structural examination of W ohmic contacts to Si-doped In 0.17 Ga 0.83 N layers (n d ϭ 1.63 ϫ 10 19 cm Ϫ3 ). The layers investigated in this work have relatively low In content as compared with previously reported investigations. [8] [9] [10] It is shown that the electrical property of the contacts improves with increasing annealing temperature. Possible explanations are given to describe the electronic transport mechanisms and the annealing temperature dependence of the specific contact resistance.
Experimental
Metallorganic chemical vapor deposition (Emcore DGaN125™) was used to grow a 1 m thick undoped GaN layer on (0001) sapphire substrate. This was followed by the 130 nm thick Si-doped In 0.17 Ga 0.83 N layer. The n-type carrier concentration in the InGaN (determined by Hall measurement) was 1.63 ϫ 10 19 cm Ϫ3 . The InGaN layers were ultrasonically degreased with trichloroethylene, acetone, methanol, and deionized water (DI) for 5 min in each step. Mesa structures were patterned by inductively coupled plasma etch (Oxford Plasma 100) using Cl 2 /Ar/H 2 . Transmission line method (TLM) patterns were defined using standard photolithography and lift-off technique. The size of the contact pads was 100 ϫ 200 m and the spacings between the pads were 5, 10, 15, 20, 25, and 35 m. Prior to deposition of the metal, the samples were dipped in buffered oxide etchant (BOE) for 30 s to remove native oxide on the surface. The W layer 60 nm thick was deposited on the InGaN layer by electron-beam evaporation (PLS 500 model) (with a base pressure of 4 ϫ 10 Ϫ7 Torr). The samples were then rapid-thermal-annealed in a N 2 ambient at temperatures in the range 500-950ЊC for 90 s. Current-voltage (I-V) data were measured using a parameter analyzer (HP4155A). SEM was performed in a JSM 5800 instrument to assess the surface morphology of the samples. X-ray diffraction (XRD) was carried out using Cu K␣ radiation in a Huber diffractometer (5020) to characterize interfacial reactions between the metal and the InGaN.
Results and Discussion Figure 1a shows the I-V characteristics of the W contacts on the InGaN which were annealed at temperatures in the range 500-950ЊC. All the contacts reveal linear I-V characteristics, indicating the formation of ohmic contacts. The ohmic behavior is improved with increasing annealing temperature. Specific contact resistances were determined from a plot of the measured resistances vs. the spacings between the TLM pads. The least-squares method was used to fit a straight line to the experimental data. Figure 1b shows plots of the resistances as function of spacing for the as-deposited and annealed samples. The resistances were measured at room temperature.
The annealing temperature dependence of the specific contact resistance of the W scheme to the InGaN is shown in Fig. 2 . It is worth noting that the specific contact resistance markedly decreases with increasing temperature. For instance, the specific contact resistance of the as-deposited sample is measured to be 1.03 ϫ 10 Ϫ3 ⍀ cm 2 . However, the anneal of the contact at 950ЊC results in a value of 2.7 ϫ 10 8 ⍀ cm 2 . Vartuli et al. 9 and Ren et al., 10 investigating the contact property of W schemes to In 0.65 Ga 0.35 N as a function of annealing temperature, showed that the specific contact resistance of the as-deposited sample is 4 ϫ 10 Ϫ7 ⍀ cm 2 , and it drops to 6 ϫ 10 Ϫ8 ⍀ cm 2 when annealed at 600ЊC. However, further increase in the annealing temperature led to an increase in the specific contact resistance. The temperature at which the lowest specific contact resistance was obtained is found to be higher in this work as compared to that of Vartuli et al. 9 and Ren et al. 10 Such difference may be attributed to the decomposition of the In x Ga 1Ϫx N with different In content. [The present system contains much less In content (17%) than that (65%) of Ren et al. 9 and Vartuli et al. 10 ] For example, InN was reported to be decomposed when annealed at temperatures S0013- 
>360ЊC. 7 Thus, the InGaN with a higher In content is expected to decompose (and hence, with deterioration in its electrical property) at a lower temperature as compared with the less In-containing alloy.
XRD examination was made of the samples to characterize interfacial reaction products (Fig. 3) . The as-deposited sample shows the characteristic diffraction peaks of W, InGaN, GaN, and Al 2 O 3 , indicating no evidence for interfacial reactions between the metal and the InGaN (Fig. 3a) . It is shown that the XRD peaks of the W film are somewhat broad, implying that the W grains are very small. Figure 3b shows the XRD plot of the sample annealed at 500ЊC. In addition to the phases observed in the as-deposited sample, a new phase is found to occur. The phase is identified to be ␤-W 2 N, as indicated by (2 ϭ 38.4Њ) (111), (44.63Њ) (200), (78.1Њ) (311), and (82.35Њ) (220). The XRD results of the samples annealed at 700 and 950ЊC are similar to that of the 500ЊC sample ( Fig. 3c and d) . A comparison of the XRD results shows two characteristic features. First, as the annealing temperature increases, the intensity of the W peaks gradually increases and the peaks become sharper. This indicates that the film probably underwent grain growth during annealing. Second, the intensity of the W 2 N peaks gradually increases with the annealing temperature, implying either that the volume fraction of the interfacial phase increases due to the enhanced outdiffusion of nitrogen from the InGaN or that the alignment of the grains is improved.
SEM examination (not shown) was performed to assess the surface morphology of the as-deposited and annealed samples. It was shown that the surface morphology of the W films annealed at temperatures of 500 and 850ЊC is fairly similar to that of the as-deposited sample. However, annealing at 950ЊC resulted in the roughening of the surface.
The mechanism for the annealing temperature dependence of the specific contact resistance may be explained as follows. The XRD measurement showed that the interfacial W 2 N phase is formed in the annealed contacts and becomes better defined with increasing annealing temperature. This indicates that the nitrogen is outdiffused from the InGaN, resulting in the accumulation of nitrogen vacancies near the InGaN surface. These nitrogen vacancies are likely to act as donors. 11, 12 This seems to be consistent with the transition (from TFE to FE) in the conduction modes, as described later. Thus, the increase in the carrier concentrations near the surface of the InGaN layer is responsible for the improved I-V characteristics. In addition, another possible factor is the contact areas. The interfacial W 2 N phase became better defined with increasing temperature, indicating the occurrence of the more extensive interfacial reactions. The extensive reactions would lead to a rough interface, resulting in an increase in the contact areas. 13 Therefore, the improved specific contact resistances can be attributed to the combined effects of the increases in carrier concentrations and the contact areas. 
In order to investigate the electronic transport mechanisms in the W contacts to the InGaN, tunneling parameter (E oo ) and effective Schottky barrier height (SBH) were calculated using the specific contact resistances (R sc ) and I-V data. According to the electronic transport theory on metal-semiconductor contacts, 14 there are three transport mechanisms: thermionic emission (TE), thermionic field emission (TFE), and field emission (FE), which dominate current flow. Relation between R sc , E oo , and SBH can be given by 15 R sc ϰ exp(q⌽ E /kT) for TE (E oo /kT << 1)
[1]
R sc ϰ exp(q⌽ E /E oo ) for FE (E oo /kT >> 1) [3] where
is the effective SBH, N d the donor concentration, m* the effective mass, and ⑀ s the permittivity of the semiconductor. In the present system containing an In mole fraction of 17%, m* ϭ 0.18 m e and ⑀ s ϭ 8 ⑀ o were assumed. 16 As shown in Fig. 2 , the R sc and E oo /kT of the W contacts are found to depend on the annealing temperature, namely, as the annealing temperature increases, the R sc decreases, whereas the E oo /kT increases. For the asdeposited contact, the value of E oo was calculated to be 0.0625, which gives a value of E oo /kT Ϸ 2.41. This indicates that TFE transport is expected to be dominant in the as-deposited contact. From Eq. 2, the effective SBH was calculated to be 0.7 eV. For the contact annealed at 500ЊC, the values of E oo /kT and SBH were calculated to be 2.68 and 0.68 eV, respectively, implying that TFE transport is also dominant. Cole et al., 17 investigating interfacial reactions between W and GaN, reported possible formation of a Ga-rich conductive layer at the interface, although such a phase was not detected by the XRD. This might be also true in the present W/InGaN system. However, for simplicity, based upon the XRD results (Fig. 3) , only W 2 N is assumed to form in the contacts annealed at 500-950ЊC. For this reason, the 700-950ЊC contacts were assumed to have the same SBH as that of the 500ЊC contact. 14, 18 Calculations showed that the values of E oo /kT for the 700, 850, and 950ЊC contacts are 5.61, 8.63, and 37.1, respectively, indicating that FE transport is expected to be dominant in these contacts. Therefore, a comparison of the tunneling parameters shows that the W contacts experience a transition in the transport mechanisms from TFE to FE as the annealing temperature increases.
Conclusions Tungsten, W, films were deposited on Si-doped-In 0.17 Ga 0.83 N (n d ϭ 1.63 ϫ 10 19 cm Ϫ3 ) to investigate electrical and structural properties of the contacts. The contacts were rapid-thermal-annealed in a N 2 ambient at temperatures ranging from 500 to 950ЊC for 90 s. The I-V measurements showed that the specific contact resistances varied from 1.03 ϫ 10 Ϫ3 ⍀ cm 2 for the as-deposited sample to 2.7 ϫ 10 Ϫ8 ⍀ cm 2 for the 950ЊC sample. The XRD results showed that the ␤-W 2 N interfacial layer is formed when annealed at temperatures Ն500ЊC, being important for obtaining low specific contact resistances. It was suggested that the increase in the carrier concentrations and the contact areas are responsible for the improved specific contact resistance. It was shown that there is a transition in the conduction mechanisms from thermionic field emission to field emission as annealing temperature increases.
